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Summary 
The thesis was conducted to investigate soil fertility changes and assess the sustainability of 
agroecological management in different land-use systems of the southern Ecuadorian Andes 
using quantitative and qualitative methods. Ecuador still holds the highest deforestation rate 
of all Latin American countries which also has a large impact in the research area by forest 
conversion into agricultural land. Agricultural land-use systems in the research area are 
multifaceted due to heterogeneous biophysical and socio-economic conditions. To map this 
diversity, land-use systems were investigated in Yantzaza (low-external-input), El Tambo 
(irrigated cash crops) and San Lucas (integrated nutrient management). Yet, management 
effects on soil fertility have not been assessed systematically in Ecuadorian farming systems 
which hampers the evaluation whether agroecological management is sustainable. Therefore, 
the present study used a set of quantitative and qualitative approaches to assess soil fertility 
changes at plot and farm scale with a nutrient balance/chronosequence approach and local 
expert knowledge. 
Nutrient balances were modeled with Nutmon after adaptation of difficult-to-quantify flows 
to the local conditions facilitating area and land-use specific calculation. Soil nutrient balances 
in the research area were diverse and varied between −151 to 66 kg ha-1 a-1, −4 to 33 kg ha-1  
a-1 and −346 to 39 kg ha-1 a-1 for NPK, respectively. The evaluation of socio-economic and soil 
fertility explanatory variables revealed that up to 70% of the balances’ variability could be 
explained. Land-uses with a strong market orientation such as annual crops in El Tambo 
received large amounts of external inputs which were often focused on mineral N fertilization 
causing strongly negative PK balances. In contrast, P balances were mainly positive after the 
application of organic fertilizers and nutrient recycling as was found in perennial crops of San 
Lucas. NP balances in annual crops of Yantzaza were most negative due to the low-external-
input system with nonexistent fertilization as well as leaching and burning of crop residues. 
Highest soil nutrient stocks were found in land-uses benefiting from a surplus of within-farm 
flows. 
The quantification of soil nutrient stocks and their temporal changes were carried out with a 
chronosequence approach in Yantzaza. SOC stocks in annual/perennial crops and pastures 
decreased between 14% and 19% after forest conversion by slash-and-burn. Annual sites were 
abandoned not later than five years after forest conversion due to a shortage of available N 
and P closely linked to low-external-input management. Stocks for TN, TP, TS and 
exchangeable bases increased above forest level in perennial crops and pastures 6-20 years 
after forest conversion. Yet a strong decrease in SOC and soil nutrient stocks was found in 
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oldest perennial and pasture sites compared to medium aged sites. This was traced back to 
adverse site processes such as the decay of clay humus complexes, leaching as well as poor 
pasture management. 
To assess sustainability of the agroecological management, a set of sustainability indicators 
was implemented including N balances, yearly N stock change and SOC stocks as well as total 
(TN) and available (PO4-P) soil nutrient stocks. Sustainability assessment took place based on 
individual land-uses and nutrients within each pilot study since soil fertility change did not 
show a consistent trend within one research area. Despite mainly negative soil nutrient 
balances, the impact on the yearly soil nutrient stock change was often negligible due to large 
soil nutrient pools. Annual and perennial crops of Yantzaza and pastures of San Lucas 
exceeded the threshold value of 1% for yearly TN stock losses. Yet, only annual crops in 
Yantzaza, having the highest yearly TN stock losses of 4.9%, also showed severe TN and SOC 
losses between 15-25% below those of the forest reference area. Therefore, the present 
agroecological management of annuals in Yantzaza is not sustainable which was also indicated 
by the abandonment of these sites not later than 5 years after forest conversion due to soil 
fertility decline. Hence, it is proposed to install an integrated agricultural management in 
annual crops of Yantzaza using nutrient recycling and fertilization for the replenishment of soil 
nutrient stocks. 
Nutrient balance studies indicated an average N-fertilizer application of more than 200 kg ha-1 
a-1 for annual crops in El Tambo and low SOC stocks in soils of the colluvial foot slopes. 
Therefore, a laboratory incubation experiment was conducted to investigate fertilization 
effects of urea and newly introduced guinea pig manure on the microbial activity in colluvial 
and eroded soils of El Tambo. While urea fertilization induced an acceleration of SOM 
mineralization, a combined fertilization (urea + GPM) increased the amount of microbial 
biomass and provided mineral nitrogen for immediate plant uptake. SOM stocks in colluvial 
soils were 40% below those of eroded soils which was partly due to the positive priming effect 
after urea fertilization. A participatory appraisal with local farmers resulted in the adaptation 
of the present harvest residue management aiming at SOM maintenance in colluvial soils. Yet, 
the calculation of the potential for SOM replenishment indicated that only the maize residue 
biomass had the potential to compensate for SOM mineralization losses. Therefore, it is 
recommended to support SOM replenishment by additional organic inputs since SOM has to 
be maintained in the long-term to enable agricultural productivity. 
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1 Introduction, background and state of the art 
1.1 Dynamics of agroecosystems in Ecuador 
A steadily growing population, changing consumption habits and biogeophysical drivers, e.g. 
soil nutrient depletion, are the main pressure forces of continuous forest conversion into 
agricultural land in the South American tropics (Riebsame et al., 1994; Barbier, 2004). 
Consequently, the decrease in areas with natural forest is a major problem in South America 
with Ecuador having the highest deforestation rate at 1.8% per year (Mosandl et al., 2008; 
FAO, 2011). At the same time, agriculture was intensified in many land-use systems along with 
substitution of manual labor by mechanized power as well as organic manure and natural pest 
management by agrochemical use (Giller et al., 1997). Nonetheless, agricultural land 
expansion in South America was even correlated with a decrease in gross domestic product 
per capita which was attributed to the failure of governmental policies to effectively target a 
sustainable management of natural resources (Barbier, 2004). Therefore, the large expansion 
of the total agricultural area can be closely associated with stagnating productivity (Southgate 
and Whitaker, 1992). As a consequence, long-term productivity of tropical agroecosystems is 
at stake and has raised awareness for the need of management strategies which maintain and 
protect soil resources (Chander et al., 1997). 
Generally, agroecological diversity in Ecuador is enormous due to climatic and biogeophysical 
heterogeneity, while the land-use systems are mainly distributed within three major eco-
regions (Cañadas Cruz, 1983). Large scale monoculture cocoa and banana plantations 
dominate the landscape along the Pacific Ocean in the tropical lowlands. The Amazonian 
lowlands have been increasingly settled by farmers since the discovery of oil in the 1970s 
(Southgate and Whitaker, 1994) inducing the installation of extensive grazing systems at the 
expense of tropical rain forest. These systems offer low financial risk to the farmers due to 
increased meat and milk demands, while pasture degradation is a common characteristic 
(Wassenaar et al., 2007). The Andean eco-region is located between Pacific and Amazonian 
lowlands where smallholder farms prevail which have been practicing agriculture for 
hundreds of years often by indigenous people (Mulligan et al., 2010). The agricultural 
knowledge in this area has been transferred from generation to generation experiencing 
successive refinement. Consequently, the understanding of relevant ecological processes and 
a sustainable use of resources was practiced (Pawluk et al., 1992); yet, in the last decades, 
agricultural land managed within a fallow system has substantially decreased (de Koning et al., 
1998). 
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1.1.1 Conversion of primary forest into agricultural land 
Slash-and-burn is the most common procedure to clear forests and convert them into 
agricultural land in the Amazon region (Kauffman et al., 1995; Gerold, 2009). This comprises 
the felling of trees during the dry season and subsequent drying of the slashed vegetation 
before burning (Ewel et al., 1981). Direct consequences are mainly carbon and nutrient losses 
by volatilization, erosion as well as runoff and leaching of nutrients from the soil surface (Juo 
and Manu, 1996). Generally this is accompanied by a short-term increase in soil fertility due to 
the increase of the pH and the base saturation if nutrients from the alkaline ashes can be at 
least partly incorporated into the soil (Nye and Greenland, 1960). 
 
1.2 Soil degradation threats 
While soils are regarded as non-renewable resources and are highly threatened and exposed 
to degradation, the regeneration of degraded soils proceeds at very low speed (Lal, 1997). The 
soil quality comprises the capacity or potential of a soil to perform its functions (Karlen et al., 
1997) und usually declines after human induced processes of soil degradation (Bindraban et 
al., 2012). At the same time, the soil functions e.g. biomass production, protection of humans 
and the environment, gene reservoir, physical basis of human activities, source of raw 
materials, geogenic and cultural heritage are affected negatively (Blum, 2005). Soil 
degradation and thus, adverse effects on soil functions, are mainly caused by erosion, 
compaction, salinization and soil nutrient depletion (The World Bank, 2007). Especially in the 
tropics, soil nutrient depletion is considered to be a major contributor of soil degradation 
(Stoorvogel and Smaling, 1998) posing a serious threat to future food security (Bindraban et 
al., 2012). Globally 135.3 Mio ha of agricultural land are affected by soil nutrient depletion 
while more than half of this area is located in South America (Tan et al., 2005). 
1.2.1 Soil fertility decline in the tropics 
Declining soil fertility in the tropics is usually caused by soil nutrient depletion, nutrient 
mining, acidification, the loss of organic matter and an increase in toxic elements such as 
aluminum (Hartemink, 2003). This is regarded as the major limitation for agricultural 
productivity in the tropics (Stoorvogel and Smaling, 1998). In agroecosytems of the tropics 
food production often depends on available soil nutrient stocks due to financial constraints or 
limited access to fertilizers (Sheldrick et al., 2002). Therefore, Palm et al. (2001a) pointed out 
the importance of organic nutrient sources for soil fertility management in smallholder 
tropical farming systems which positively influence nutrient supply and SOM formation. 
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Many studies in the tropics emphasize the soil fertility decline of agroecosystems (De Jager et 
al., 2001; Esilaba et al., 2005; Haileslassie et al., 2007). While this was often considered a 
serious threat for agricultural development (Koning and Smaling, 2005), others also argued 
that short-term nutrient mining is acceptable (Vanlauwe and Giller, 2006) and farmers have 
adapted their management to handle this issue (Niemeijer and Mazzucato, 2002). However, 
there is no clear consensus whether the present soil fertility decline in the tropics negatively 
affects a sustainable development. This was defined by the Brundtland Commission as a 
development that “meets the needs of the present without compromising the ability of future 
generations to meet their own needs” (WCED, 1987). 
 
1.3 Methods for the assessment of sustainable agroecosystem management 
and soil fertility changes 
There is a large variability in approaches for sustainability assessment including manifold 
sustainability indicators (Bockstaller et al., 2009). For sustainability assessment of soils, a 
minimum set of key indicators should be used including threshold values indicating a specific 
value which must be maintained for adequate functioning of the soil (Arshad and Martin, 
2002). Total and available macronutrients (Andrews and Carroll, 2001) and changes in soil 
nutrient stocks using the soil nutrient balance (Bindraban et al., 2000) among others proved 
to be suitable indicators for the sustainability assessment of agroecosystem management. 
According to Hartemink (2006) changes in soil fertility occur when nutrient outputs exceed 
nutrient inputs or vice versa within a certain time frame and spatial boundary. It is necessary 
to clearly define spatial and temporal boundaries of the system to be investigated depending 
on focus and aim of the study before executing measurements. Soil fertility changes can be 
assessed qualitatively using expert knowledge and quantitatively by monitoring of soil 
chemical properties, e.g. chronosequences and soil nutrient balances.  
Qualitative approaches using expert knowledge were fundamental for the development of 
expert knowledge systems (Hartemink, 2006). They are also part of participatory approaches 
aiming at the integration of indigenous soil knowledge for soil fertility management (Barrios 
and Trejo, 2003). 
Chronosequence or space-for-time approaches enable the investigation of nutrient dynamics 
between plots of the same land-use differing in age or different land-uses of the same age 
since forest conversion (Hartemink, 2006). Differences in soil properties can then be ascribed 
to management and/or land-use based on the prerequisite that all soil forming factors 
remained constant except for time (Huggett, 1998). 
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Of all methods, soil nutrient balances have been most frequently used and emerged as a cost-
effective procedure to assess soil fertility changes (Cobo et al., 2010). Prior to the study, all 
relevant flows within the predefined system should be determined and included into the soil 
nutrient balance study (Stoorvogel and Smaling, 1990). The calculation of soil nutrient 
balances is based on the general mass balance and quantifies all regarded inputs and outputs 
as amount of nutrients per unit of area and time (Bindraban et al., 2000). The fundamental 
hypothesis of the nutrient balance approach is that negative soil nutrient balances over a 
longer period of time indicate a non-sustainable system in terms of agricultural management 
(Hartemink, 2006). Yet, it was also argued that soil nutrient balances should not be used for 
sustainability assessment without consideration of soil nutrient stocks since short-term 
nutrient mining is tolerable if stocks are large. Therefore, soil nutrient balances should be 
considered in relation to the yearly total soil nutrient stock change for sustainability 
assessment (Vanlauwe and Giller, 2006).  
The spatial scale of investigation for soil nutrient balance studies may range from plot to 
continental level. However, depending on the focus of the study, the selection of the 
appropriate scale is very important since e.g. nutrient balances at farm level are directly 
addressed at farmers targeting issues of soil fertility management and nutrient use. In 
contrast, main users of nutrient balances at continental level are national institutions and 
policy makers with the objective of creating awareness for global environmental assessment 
(Cobo et al., 2010).  
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2 Aims and scientific research questions 
Many studies have been performed with the target to assess the soil fertility of a respective 
research area. However, most studies did not pursue a holistic approach by calculating soil 
nutrient balances, flows and stocks although results were often diverse and complex making it 
difficult to derive management strategies for the local farmers. 
Therefore, the present study focused on the integration of different quantitative and 
qualitative approaches to assess the soil fertility using nutrient balance modeling with 
Nutmon and a chronosequence combined with local expert knowledge of farmers and 
environmental institutions (see section 3). The scale of investigation was chosen to be at plot 
and farm level in order to get best possible results for the improvement of soil fertility 
management. Special focus was put on the adaptation of the modeling tool to the local 
conditions. Furthermore, soil fertility change in terms of sustainable agroecosystem 
management was assessed linking soil nutrient balances within a defined spatial-temporal 
boundary with the corresponding soil nutrient stocks and evaluating total and available 
macronutrients. 
 
2.1 Adaptation of modeling tool 
The NUTrient MONitoring (NUTMON) model has been developed for agricultural land-use 
systems in Africa (Smaling and Fresco, 1993). Hence, transfer functions, used for the 
quantification of difficult-to-quantify flows, were adapted to the biogeochemical conditions of 
Africa. 
The primary aim regarding adaptation of the Nutmon modeling tool was as follows: 
I. to adapt all transfer functions for the difficult-to-quantify flows to the local Ecuadorian 
conditions before modeling. 
This resulted in the following scientific research questions: 
Are measured data from nearby and/or comparable areas available to adapt transfer 
functions to the Ecuadorian conditions [section 4.1]? 
To what extent can the adapted transfer functions be validated [section 4.1]? 
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2.2 Soil fertility quantification 
Soil fertility quantification in Ecuador resulted in generally negative soil nutrient balances at 
the sub-national scale. This was most pronounced for the Andes as opposed to the coastal 
region. In contrast, for the Amazon serious nutrient balance problems were assumed to occur 
in areas with high conversion intensities (de Koning et al., 1997). In the present study, 
biophysical conditions were heterogeneous causing the existence of different agricultural 
land-use systems within a small area. Diverse agricultural management induces different 
nutrient flows into, out of and within the farm. Therefore, flows were considered extensively 
for the assessment of nutrient management in the different land-use systems of the present 
study. As a result of the heterogeneity in inflows and outflows, varying soil nutrient balances 
are expected. Additionally, it was assessed to what extent financial flows and soil fertility 
variables influence the outcome of the nutrient balance. A chronosequence study in Yantzaza 
provided information about the temporal change of soil nutrient stocks over the period of 
agricultural land-use. 
Therefore the primary aims regarding soil fertility quantification were as follows: 
I. to get an overview of the present nutrient change in the soil by modeling the soil 
nutrient balance for NPK in the three research areas on farm scale and on plot scale 
for each land-use; 
II. to track all flows for NPK into, out of and within the farm in order to understand the 
nutrient management of the respective land-use system and to locate areas 
threatened by soil nutrient depletion; 
III. to find out the immediate impact of forest conversion on soil nutrient stocks and to 
show long-term nutrient dynamics in agricultural areas of Yantzaza. 
This resulted in general and specific scientific research questions: 
Are nutrient balances for NPK in the respective research areas in the same order of magnitude 
as those of the sub-national scale calculated by de Koning et al. (1997) [section 4.1]? 
 Does the low-external-input system without nutrient recycling in Yantzaza have the 
most negative nutrient balances [section 4.1]? 
 Do high fertilizer inputs in the cash crop system of El Tambo compensate large nutrient 
losses due to harvest [section 4.1]? 
 Does the mixed farming system of San Lucas have a nutrient balance in equilibrium 
due to nutrient recycling [section 4.1]? 
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How do different nutrient flows influence inputs and outputs of the nutrient balance between 
different land-use systems and within different land-uses of the same land-use system 
[section 4.1]? 
 Are there specific flows which differentiate the nutrient balance within the same land-
use system [section 4.1]? 
 Which of the research areas depends highest on external inputs [section 4.1]? 
 To what extent does the market orientation of the land-use system influence internal 
and external nutrient flows of the respective farm [section 4.1]? 
 Do financial flows instead of soil fertility variables have a greater explanatory power on 
the variability of soil nutrient balances in intensively managed areas? 
In what way do soil nutrient stocks of different land-uses change within the period of 
agricultural use in Yantzaza (section 4.2]? 
 Are increases or at least the maintenance of soil nutrient stocks after forest conversion 
the reason for long-time agricultural use in pastures and perennial crops as opposed to 
annual crops [section 4.2]? 
 
2.3 Impact assessment on soil fertility 
Soil nutrient depletion was suspected due to negative soil nutrient balances in a previous 
study for the sub-national scale (de Koning et al., 1997). However, this was not commonly 
found after validation of results for soil nutrient balances with soil nutrient stocks in the 
present study. Neither do chronosequence studies exist for Ecuador which evaluate the 
impact of negative soil nutrient stock dynamics on soil fertility. Few studies deal with the 
sustainability assessment of a respective area based on temporal soil nutrient stock change. 
This idea was implemented in a previous study by Hilhorst et al. (2000) who stated that a TN 
stock decline of more than 1% per year should be regarded not sustainable. Therefore, we 
tried to develop reference or threshold values from which a negative impact on sustainability 
regarding soil fertility may be concluded. 
Since nutrient balances do not give information about the temporal dynamics of soil nutrient 
stocks during land-use history, a chronosequence approach was implemented in Yantzaza. 
This facilitated insight into the reasons for land-use abandonment in annual crops and long-
term land-use in perennial crops and pastures. 
For annual cash crop systems in El Tambo large external fertilizer application with urea was 
detected. Since organic fertilizers have not been used up to now, we tested the effects of urea 
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and guinea pig manure on nitrogen and carbon cycling in different slope positions. 
Furthermore, the harvest residue management was evaluated after finding lower SOM stocks 
in colluvial soils than in eroded soils. 
Hence, the aims guiding the impact assessment on soil fertility were as follows: 
I. to find threshold values which describe a critical change of the soil nutrient stocks 
regarding soil fertility; 
II. detect causes for the abandonment of annual crops and long-term potential of 
perennial crops and pastures using a chronosequence approach in Yantzaza; 
III. determine effects of synthetic and organic fertilizers on nitrogen and carbon cycling in 
cash crop dominated agriculture of El Tambo; 
IV. determine which quantity of harvest residues for the main cash crops should remain in 
the field to compensate SOM losses by mineralization. 
The following general and specific scientific research questions were derived: 
Can threshold values be derived from soil nutrient balances and chronosequence results 
which are characteristic for adverse effects on soil fertility [section 4.1 and 4.2]? 
 Do literature threshold values also apply for the present research area [section 4.1]? 
 Does the term “threatened by soil nutrient depletion” apply for a complete land-use 
system or only for certain areas within a land-use system [section 4.1 and 4.2]? 
 Are areas which are non-sustainable in terms of agroecological management affected 
by a decline in all macronutrients, in total or plant available soil nutrients [section 4.1 
and 4.2]?   
What are the reasons for differences in the duration of land-use in Yantzaza [section 4.1 and 
4.2? 
 Do annual sites in Yantzaza get abandoned within the first five years of agricultural use 
due to soil nutrient depletion [section 4.1 and 4.2]? 
 Can the long-term potential of land-use in perennial crops and pastures be explained 
by an increase in soil nutrient stocks after forest conversion as opposed to annual 
crops [section 4.1 and 4.2]? 
 Do soil nutrient stocks in perennial crops and pastures of Yantzaza change gradually 
over time or do changes occur abruptly [section 4.2]?  
Which changes are induced by either total or partial replacement of synthetic fertilizers by 
organic fertilizers in El Tambo [section 4.3]? 
 Does exclusive application of urea lead to accelerated SOM mineralization and hence, 
induce SOM stock decreases [section 4.3]? 
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 Does the SMB increase after application of guinea pig manure compared to urea 
fertilization [section 4.3]? 
 Can differences in nitrogen and carbon cycling be found between eroded upper slopes 
and colluvial foot slopes [section 4.3]? 
 Can SOM stock decline in colluvial soils of El Tambo be reduced or stopped by an 
adequate harvest residue management [section 4.4]? 
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3 Concept 
3.1 Research area and study site selection 
The aim of the selection process was to find suitable areas which are characteristic for the 
variety of different land-use systems in the Andes of South Ecuador. Hence, available 
geological, soil, climate, land-use and vegetation maps were evaluated in cooperation with 
colleagues from the department of agriculture and food sciences of the local university UTPL. 
Locations in the provinces of Loja and Zamora-Chinchipe were then preselected and observed 
in detail with local experts. Workshops were performed to describe the planned project to the 
local farmers and find out about their willingness to cooperate. Finally, the three research 
areas Yantzaza at the eastern escarpment of the Andes (3°47’S-3°56’S; 78°43’W-48°46’W), El 
Tambo in the inter-Andean valleys (4°01’S-4°06’S; 79°20’W-79°21’W) and San Lucas in the 
highlands of the Andes (3°42’S-3°45’S; 79°15’W-79°16’W) were selected (Fig. 1). 
 
Fig. 1: Location of the three research areas in the southern Andes of Ecuador and the 
respective study sites for Nutmon. 
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Farm walks and farm interviews took place to choose seven farms which were representative 
for each research area in order to calculate farm nutrient balances with Nutmon. 
Study site selection for the chronosequence was independent from Nutmon study sites in 
Yantzaza. In section 4.2 
the detailed procedure is 
described and a map of 
the study sites is 
displayed. 
For the incubation 
experiment in El Tambo 
study sites for soil 
sampling were selected 
after field observations 
and farm surveys had 
been performed. For 
eroded upper slope soils 
and colluvial soils at the 
foot slope, five sites were 
selected in each case 
provided they had not 
been fertilized two 
months prior to sampling 
(Fig. 2). 
 
Fig. 2: Study sites of the fertilization incubation experiment in El Tambo. 
 
3.2 Characteristics of the research areas 
A detailed description of all bio biogeochemical, socioeconomic and land-use characteristics of 
the three research areas is given in Table 1 of section 4.1. 
There are major differences in the land-use of the investigated farms in each research area 
(Fig. 3). This can be attributed to the management aim in each research area. Pastures cover 
the largest part of farms in Yantzaza and San Lucas emphasizing the importance of pasture 
management. However, both locations differ in the production of annual and perennial crops 
which are mainly used for self consumption in Yantzaza while they are also for market sale in 
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San Lucas. In contrast, in El Tambo the focus is clearly on the production of annual and 
perennial cash crops with minor importance of pasture management. 
 
Fig. 3: Land-use distribution in the investigated farms of the three research areas. 
 
3.3 Nutmon model 
Nutmon was developed at the university of Wageningen as a decision-support model for the 
calculation of nutrient balances in agricultural land-use systems of Africa (Smaling and Fresco, 
1993). 
It is a multidisciplinary and integrated tool which follows a participatory approach including 
scientific expert knowledge as well as local soil and farming knowledge (Defoer et al., 1998). It 
comprises two different stages. The diagnostic stage includes a participatory analysis 
(scientists and farmers) of the current situation of the farm to evaluate soil nutrient flows and 
economic values. The Nutmon Toolbox then quantifies nutrient flows in the soil, in harvested 
products und in livestock. Flows are calculated for the main nutrient elements NPK in kg ha-1 
a-1. The diagnostic stage is followed by the development stage aiming to develop adjusted and 
new management practices and technologies. These practices should be focused on the 
problem areas within the farms which were detected during modeling. In cooperation with 
the farmers it should be decided which adjusted and new management practices and 
technologies will be implemented and tested on-farm (De Jager et al., 1998). 
In the present research the focus was on the diagnostic phase aiming at the quantification of 
nutrient balances, flows and stocks at farm scale and plot scale for each PPU of a farm 
separately (see section 4.1 for detailed description). Additionally, problem areas regarding soil 
fertility decline were identified (Fig. 4) and at the same time the potential for improvement 
was pointed out (section 4.1 and 4.2). First issues of the development stage were regarded in 
section 4.3 and 4.4 where effects on N and C cycling were investigated after adaptation of 
fertilization and harvest residue management was evaluated. 
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Fig. 4: Farm of Luiz Loarte Cuenca in El Tambo with example for potential identification of 
problem areas after the diagnostic phase. See section 4.1 for detailed description of the 
particular Nutmon terms (FSU, PPU, RU). 
 
 
 
Fig. 5: Scheme of inputs and outputs of the Nutmon tool as used for the present research. 
Figure adapted from (Roy et al., 2003). 
 
The calculation of the soil nutrient balance with Nutmon is based on the comparison of 
essential inputs and outputs within a certain area and time frame. Inputs and outputs of this 
soil-system-budget approach were derived after studying recent literature on nutrient flows in 
the research area (de Koning et al., 1997; Priess et al., 2001; Borbor-Cordova et al., 2006; 
Wilcke et al., 2008) and therefore, partly differed from the original Nutmon version. The 
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following inputs and outputs were incorporated into the Nutmon model (Fig. 5): IN1 
(inorganic and synthetic fertilizers), IN2 (organic materials and manure), IN3 (atmospheric 
deposition), IN4 (biological N fixation), IN5 (sedimentation from flooding) and IN6 
(sedimentation from erosion). Outputs consisted of OUT1 (harvested products), OUT2 (crop 
residues and grazing), OUT3 (leaching), OUT4 (gaseous losses) and OUT5 (erosion). 
 
3.3.1 Farm monitoring 
Data obtainment for the calculation of the soil nutrient balance usually comprises the 
collection of easy and difficult-to-quantify inputs and outputs. Easy-to-quantify inputs and 
outputs consist of all information which can be obtained from asking the farmer (IN1, IN2, 
OUT1, OUT2). Therefore, farm surveys with a scientific expert from TU Dresden and/or UTPL 
and the local farmer were performed at the beginning of each monitoring period using the 
structured Nutmon questionnaire. Each monitoring period took three months for reasons of 
manageability. All necessary information about farm management (nutrient and financial 
flows), farm household and farm environment were collected. Farm walks were carried out to 
verify statements of the questionnaire and to get an overview of the recent changes after the 
completion of the questionnaire (Fig. 6). 
 
Fig. 6: Farm monitoring consisting of interviews (left) and farm walks (right). (Fotos: E. Bahr) 
 
Difficult-to-quantify flows are usually estimated by the use of transfer functions (IN3, IN4, IN5, 
IN6, OUT3, OUT4, OUT5). These were originally developed for Nutmon modeling in African 
land-use systems and therefore, required an adaptation to the local Ecuadorian conditions. 
This process is explained comprehensively in section 4.1. 
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3.3.2 Participatory evaluation of the results and derivation of new management strategies 
Participatory approaches are in favour of author appraisal for the assessment of sustainability 
because they combine transparency and inter-subjective validity (Walter and Stutzel, 2009). It 
was also stated that participatory approaches involving different stakeholders are more 
effective in developing locally useful and widely accepted solutions (Hurni, 2000). Therefore, 
we started to introduce results of the soil nutrient balance approach to local farmers and 
environmental institutions during workshops and jointly elaborated implementation-oriented 
solutions to improve management practices in problem areas (Fig. 7). After discussing issues 
on high doses of urea fertilization and low SOM stocks in soils of El Tambo, the idea was 
generated to compare effects of urea fertilization and small farm animal manure on processes 
of C and N cycling as explained in section 3.6.1. Additionally, the potential for an adapted 
harvest residue management based on the present cash crops was calculated to improve SOM 
stocks (section 3.6.2). 
 
Fig. 7: Participatory workshops with scientists and local farmers/institutions. (Fotos: E. Bahr) 
 
3.4 Chronosequence 
A chronosequence approach was implemented as a space-for-time substitution where 
different aged soils of several land-uses (annual and perennial crops, forest, pasture) were 
sampled. This principle was based on the assumption that all soils are the same, which was 
verified using strict prerequisites (section 4.2), and that variation in soil properties can be 
ascribed to differences in land‐use and management (Hartemink, 2006). The approach was 
only implemented in Yantzaza due to the fact that this was the only research area without 
crop rotation facilitating the study of long-term soil nutrient dynamics in different land-uses. 
Annual sites were abandoned not later than five years after forest conversion and thus, were 
compared to adjacent forest sites (Fig. 8). Since pasture and perennial sites had a longer 
cultivation period, sites were summarized into different age groups. This enabled comparison 
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between different land-uses and at the same time comparison of different age groups of the 
same land-use. 
 
Fig. 8: Setup of the chronosequence approach in Yantzaza investigating annual crops and 
adjacent forest sites as well as different age groups of pasture and perennial sites. 
 
3.5 Sustainability assessment 
Problem areas within the three farming systems were exposed within the diagnostic stage of 
the Nutmon modeling. In the succeeding development stage adjusted and new management 
practices and technologies were developed and introduced (see section 5.4 for further 
details). The problem areas were characterized and defined according to the procedure of risk 
assessment proposed by Eckelmann et al. (2006). 
 
Table 1: Detected problem areas within the three research areas and their adverse effects. 
Location Land-use Adverse effects Assessment in section 
Yantzaza Annual crops Negative N balance, high yearly N stock 
change, low soil nutrient stocks 
5.3 
 Perennial 
crops 
Negative N balance, high yearly N stock 
change 
5.3 
San Lucas Pasture Negative N balance, high yearly N stock 
change 
5.3 
El Tambo Annual crops Low SOC and TN stocks, excessive 
urea application 
5.3.1 
 
They mainly comprised negative soil nutrient balances partly causing high yearly soil nutrient 
stock changes in all research areas (Table 1). Furthermore, low SOC stocks and excessive urea 
fertilization were detected in El Tambo as well as low soil nutrient stocks for some land-uses 
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(section 4.1-4.3). These adverse effects can be summarized within the degradation threat of 
soil fertility decline. They play a major role in the question of whether the management in the 
investigated agroecosystems is sustainable or not. 
Sustainable agroecosystem management in this research followed the definition of Hurni 
(2000) where the system targets an integration of ecological with socio-economic and political 
principles in agroecological management to bring about intra- and intergenerational equity. 
Sustainability assessment (in this case: sustainability of agroecological management) in the 
present research encompasses in the broadest sense the soil function of biomass production. 
Therefore, we tried to assess the level of soil quality on which this function can be provided. A 
quantitative evaluation using sustainability indicators and threshold values was implemented 
to assess the sustainability of agroecological management as proposed by Pacini et al. (2003). 
P and K balances did not prove to be meaningful sustainability indicators since the yearly P 
and K stock change was negligible and therefore, suggested only a minor impact on soil 
fertility. Eventually, sustainability indicators comprised N balances, yearly N stock change and 
SOC stocks as well as total (TN) and available (PO4-P) soil nutrient stocks as were also used in 
similar studies (Shepherd and Soule, 1998; Bindraban et al., 2000; Walter and Stutzel, 2009). 
For soil nutrient stocks threshold values were not available for the research area and it was 
beyond the scope of the study to perform fertilizer experiments in order to obtain them. 
Therefore we used forest sites in Yantzaza and perennial sites in San Lucas (insufficient data 
available for forest sites; perennials had most positive soil nutrient balances and highest soil 
nutrient stock potential) as reference areas and compared their soil nutrient stocks to the 
problem areas. Furthermore, we used indirect indicators (mineral and organic fertilization, 
harvest residue management, burning) to assess the sustainability of agroecological 
management. 
 
3.6 Soil sampling and laboratory analyses 
This section gives a brief overview of the soil sampling procedure and the general laboratory 
analyses which were explained in detail in the corresponding publications in section 4.1-4.3. 
For all investigations soil sampling of the mineral soil was executed using a soil corer with a 
diameter of 5.5 or 6 cm. However, soil sampling depth and splitting into depth sections 
differentiated depending on investigation. For Nutmon modeling and the chronosequence, 
the upper 30 cm of the mineral soil were sampled, yet samples of the chronosequence were 
split into three depth sections of 0–5, 5–10, 10–30 cm (Fig. 9). For the fertilization experiment 
in El Tambo, only the mineral topsoil (0–10 cm) was sampled. For all investigations between 
5–10 subsamples were taken for each sampling plot and mixed to a composite soil sample to 
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take heterogeneity of the sites into account. Additionally organic layers were sampled if 
present using a square of 20×20 cm. 
Fig. 9: Overview of the different sampling procedures of the mineral soil for Nutmon modeling 
(left), the chronosequence (middle) and the fertilization experiment (right). Numbers in the 
figure indicate depth of the mineral soil in cm. 
 
Table 2: Summary of laboratory analyses used for the determination of biogeochemical soil 
and plant variables. 
Variable Method 
pH (H2O) soil:water ratio 1:2.5, organic layer:water ratio 1:10 
CEC 0.5 M NH4Cl and ICP-OES measurement in acid soils, 0.1 M 
BaCl2-TEA and ICP-OES measurement in alkaline soils 
total C, TN (soil, plants) CNS-analyzer 
total amount of elements in the 
soil (TP, TS, TK) 
strong acid digestion with HNO3/HF/HClO4, ICP-OES 
total amount of elements in the 
plant (TP, TK) 
acid digestion with HNO3, ICP-OES 
DOC, TDN, NO3-N, NH4-N 0.1 M KCl, continuous-flow auto analyzer for liquids 
δ
15
N 2 M KCl, EA-IRMS Delta 2 
NH4F-S 0.03 M NH4F + 0.025M HCl, ICP-OES 
MBC, MBN 0.5 M K2SO4, chloroform-fumigation-extraction method, 
continuous-flow auto analyzer for liquids 
microbial respiration 0.05 M NaOH and addition of 0.5 M BaCl2 and titration with 0.05 M 
HCl against phenolphthalein 
Fedith 0.2 M Na2S2O4 + 0.3 M C6H5Na3O7*2H2O, ICP-OES 
CO3 4 M HCl, Calcimeter  
soil texture sieving of sand and sedimentation of silt and clay with Na4P2O7  
for dispersion 
 
All laboratory methods applied for the different investigations were explained in detail in the 
respective publications (section 4.1–4.3) and thus, were only summarized here. Chemical (pH, 
CEC, BS, total C, TN, TP, TS, TK, DOC, TDN, NO3-N, NH4-N, δ
15N, PO4-P, Pi, NH4F-S, Fedith, CO3), 
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physical (soil texture) and biological (MBC, MBN, microbial respiration) properties of the soil 
and chemical (pH, TN, TP, TK) properties of plants/organic layers were determined in the 
laboratory (Table 2). 
 
3.6.1 Laboratory incubation experiment 
A laboratory incubation experiment (28 days) was conducted to investigate the impact of 
different fertilizers on nitrogen and carbon cycling in eroded and colluvial soils of El Tambo 
(section 4.3). This experiment was implemented due to excessive urea fertilization of local 
farmers which applied up to 400 kg N ha-1 a-1 in two annual doses. The addition of organic 
fertilizer and/or manure was not yet commonly practiced in the research area. Hence, in the 
laboratory 200 kg N ha-1 were added to the soil as urea, guinea pig manure and a combination 
of both. Laboratory measurements took place 15 minutes after fertilizer treatment and at 
days 1, 7, 14, 21, 28. The impact of the fertilization on nitrogen and carbon cycling was 
measured by determination of the cumulative microbial respiration, total inorganic N, MBC 
and MBN. Furthermore, 15N-labeled urea was applied to assess priming effects on N 
mineralization using the isotope signature of 15NH4-N and 
15NO3-N. 
 
3.6.2 Residue management calculation in El Tambo 
Harvest residue management, in particular the need for organic matter replenishment, was 
assessed for different crops in colluvial soils of El Tambo. For SOM stock maintenance (MSOM in 
t ha-1), the necessary harvest residue replenishment for the upper 10 cm of the mineral soil 
was calculated on the basis of total yearly SOM mineralization losses using the following 
equation (1):  
      
       
        
                                                      
The average decomposition rate of SOM (SOMDEC in t ha
-1 a-1) in warm-arid regions was 
assumed to be 3% a-1 (Kelly et al., 1996; Tiessen et al., 1998). Additional annual SOM losses 
caused by positive PEs (SOMPE in t ha
-1 a-1) after urea fertilization were determined on the 
basis of total primed soil NO3-N after application of 200 kg N ha
-1 and 28 days of incubation. 
Primed NO3-N was multiplied with the C/N ratio of 11.6 for colluvial soils and then transferred 
into SOM by multiplying with 1.72 (Tabatabai and Bremner, 1970). Above and belowground 
dry matter (DM) biomass (BMA+B in t ha
-1 a-1) were calculated to determine the potential for 
SOM replenishment. Therefore, aboveground plant samples of maize, tomato, cucumber and 
pepper were taken and dried at 60°C. Root-to-shoot ratio was derived from literature review 
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and was 0.25, 0.20, 0.15 and 0.1 for maize (Amos and Walters, 2006), tomato (Chalkos et al., 
2010), cucumber (Zhu et al., 2008) and pepper (Shao et al., 2008), respectively. A humification 
rate (HR in %) for crop residues of 15% per unit of added C was used according to Kemanian 
and Stockle (2010) and Nicolardot (2001). 
 
3.7 Statistics 
The applied statistics are explained in detail in the respective publications of section 4. 
Statistical analyses were performed with Statistica 10.0. Normal distribution of the values was 
generally tested with the Kolmogorov–Smirnov test. Tukey’s HSD served for the 
determination of significant differences between variables. 
For the nutrient balance calculation, a redundancy analysis was applied for variability 
assessment of N inputs and outputs due to financial flows and soil fertility variables. 
A principal component analysis was performed for the chronosequence research to assess soil 
nutrient dynamics of different land-uses and age groups using biogeochemical variables. 
For the fertilization experiment in El Tambo, repeated measures two-way factorial ANOVA 
was used to elucidate the effects of “treatment” (control, urea, guinea pig manure and 
combined fertilization) and “location” (eroded and colluvial site) on CO2-C production rates 
per day, MBC, MBN, DOC, pH, qCO2, NH4-N and NO3-N. Impact assessment of fertilization and 
location on microbial properties was performed using a principal component analysis. 
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4 Results 
4.1 Soil fertility assessment using Nutmon 
Bahr, E., Chamba-Zaragocin, D., Fierro-Jaramillo, N., Witt, A., Makeschin, F., (2015) Modeling 
of soil nutrient balances, flows and stocks revealed effects of management on soil fertility in 
south Ecuadorian smallholder farming systems. Nutrient Cycling in Agroecosystems 101, 55-
82. 
 
Since the article Bahr et al. (2015) is protected by copyright, please use the following internet 
link to access: http://dx.doi.org/10.1007/s10705-014-9662-5 
 
 
Contribution of the article to concept and synthesis: 
This article forms the solid foundation on which all further investigation and discussion of the 
thesis is based on. It provides extensive methodological information about the adaptation of 
the Nutmon modeling tool and the modeling procedure. Soil fertility quantification with 
Nutmon is described and results for soil nutrient balances and flows are presented based on 
each land-use of the research area. The explained variability by soil fertility variables and 
financial flows for the soil nutrient balance is presented to show the impact of management 
and natural conditions in each research area. Soil nutrient balances are discussed in the 
context of soil nutrient stocks and problem areas in terms of high annual nutrient losses are 
assessed in terms of a sustainable agroecosystem management. Adapted management 
options are presented in order to improve soil fertility in the research area. 
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4.2 Soil fertility assessment using a chronosequence approach 
Bahr, E., Chamba-Zaragocin, D., Makeschin, F., 2014. Soil nutrient stock dynamics and land-
use management of annuals, perennials and pastures after slash-and-burn in the Southern 
Ecuadorian Andes. Agriculture, Ecosystems and Environment 188, 275-288. 
 
Since the article Bahr et al. (2014) is protected by copyright, please use the following internet 
link to access: http://dx.doi.org/10.1016/j.agee.2014.03.005 
 
 
Contribution of the article to concept and synthesis: 
In addition to soil fertility assessment with Nutmon, the chronosequence approach was 
carried out in Yantzaza to gain insight into temporal soil nutrient dynamics of different land-
uses in relation to management activities. Soil nutrient stocks for total and rapidly available 
major plant nutrients are presented for several age groups within each land-use. The impact 
of slash-and-burn forest conversion on soil nutrients is assessed as well as soil nutrient stock 
dynamics within the total period of land-use. Reasons for abandonment of annual crops are 
presented and discussed as well as soil nutrient stock decreases of old pastures and perennial 
crops. Strategies for a sustainable nutrient management are presented for each land-use. 
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4.3 Effects of different fertilizers on nitrogen and carbon cycling 
Bahr, E., Hamer, U., Chamba-Zaragocin, D., Makeschin, F., 2013. Different fertilizer types 
affected nitrogen and carbon cycling in eroded and colluvial soils of Southern Ecuador. 
Agricultural Sciences 12A, 19-32. 
 
Contribution of the article to concept and synthesis: 
This article forms the major part of Nutmon’s development stage after main problem areas 
had been identified during Nutmon’s diagnostic phase initially. Due to excessive urea 
fertilization, it is aimed to introduce guinea pig manure and to make a shift towards an 
integrative farm management. Fertilization effects of urea and guinea pig manure on 
microbial activity in eroded and colluvial soils are presented. Advantages of an increase in 
SMB and the immobilization of N into the SMB after combined (urea and guinea pig manure) 
fertilization are discussed. Furthermore, low SOM stocks in colluvial soils partly due to priming 
of SOC and soil N after application of high urea doses are assessed. 
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4.4 Harvest residue management in El Tambo 
SOM stocks in colluvial soils were 14.37 t ha-1 for the upper 10 cm of the mineral soil (Bahr et 
al., 2013). Therefore, SOM mineralization loss amounted to 0.89 t ha-1 a-1 (SOMDEC = 0.43 t ha
-1 
a-1 + SOMPE = 0.46 t ha
-1 a-1). Above and belowground DM biomass (BMA+B) amounted to 9.38 t 
ha-1 for maize, 2.16 t ha-1 for tomato, 2.85 t ha-1 for cucumber and 4.95 t ha-1 for pepper. Since 
the humification rate was assumed to be 15%, maize, tomato, cucumber and pepper would 
provide a potential of 1.40, 0.32, 0.43 and 0.74 t ha-1 a-1 for the formation of SOM. Hence, 
only maize residue biomass had the capacity to fully compensate for the 0.89 t ha-1 a-1 of SOM 
mineralization losses (Fig. 10).  
 
Fig. 10: Harvest residue potential for the SOM replenishment of different crops compared to 
SOM mineralization losses per year for the upper 10 cm of the mineral soil in colluvial foot 
slopes of El Tambo. 
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5 Synthesis 
5.1 Critical discussion of the applied methodologies 
5.1.1 Nutmon 
It has been stated that nutrient balances are useful tools for the indication of potential land 
degradation and optimization of nutrient flows (Færge and Magid, 2004; Cobo et al., 2010). 
However, the same authors criticized several aspects of modeling soil nutrient balances and 
flows with this model. Major concerns were an arbitrary use of inputs and outputs for 
calculations, inappropriate use of transfer functions, no indication of the results’ variability, no 
linking of soil nutrient balances and flows to soil nutrient stocks (Cobo et al., 2010), 
unfavorable evaluation periods (Scoones and Toulmin, 1998), and overestimation of erosion 
(Færge and Magid, 2004). Hence, the present study was aimed at eliminating these factors of 
concern prior to modeling with Nutmon as explained in the following. 
A thorough literature review served as the basis for the consideration of potential flows into 
and out of the three land-use systems. As a result, sedimentation from erosion was added to 
the inputs (Fig. 5) since eroded particles do not necessarily leave the research area but are at 
least partly accumulated at the foot slopes and valleys (Lesschen et al., 2007b) unless heavy 
gullying occurs (Lesschen et al., 2007a). The calculation of water erosion was performed on a 
raster-based GIS modeling as opposed to the calculation procedure for erosion with Nutmon. 
This enabled a detailed evaluation of areas suffering from soil losses as well as areas where 
sedimentation prevailed within the same farm (see section 4.1 for details). 
The adaptation of transfer functions to the local conditions marked a decisive milestone in the 
present work and was described and discussed in detail in section 4.1. Resulting from the 
adaptation, local biogeochemical processes were reproduced as exactly as possible to the 
local conditions and improved the modeling of soil nutrient balances. 
In their review, Cobo et al. (2010) showed that only 12 out of 57 studies included the 
variability of the soil nutrient balance. The variability of all soil nutrient balances, flows, inputs 
and outputs was indicated in the present study (section 4.1). This enabled the assessment of 
their accuracy which is essential since only results with a consistent trend should be used for 
deriving changes in farm management (Oenema et al., 2003). 
Only 50% of the regarded studies linked soil nutrient balances to soil nutrient stocks (Cobo et 
al., 2010). Yet, nutrient balance results should only be used for the evaluation of fertilizer 
requirements or sustainability assessment of the land-use system if they are accompanied by 
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field measurement and calculation of soil nutrient stocks (Vanlauwe and Giller, 2006). Hence, 
the present study took soil nutrient balances and stocks into account and yearly soil nutrient 
stock changes were calculated. 
Validation of the modeling results was performed by comparing modeled data with nearby 
measured data as explained in section 4.1. A validation of the transfer functions by means of 
on-site measurement was not carried out. This was beyond the scope of the present research 
and is considered to be unrealistic and impractical in nutrient balance studies where the aim is 
a quick evaluation of the current situation (Phong et al., 2011). 
The evaluation period of the present study was one year due to time and resource limitation 
and therefore includes seasonal fluctuation due to climate. This marks an average evaluation 
period for nutrient balance studies, yet, did not allow for the assessment of the variation 
among several years in the present study. However, it is assumed that variation between 
years occurs due to climate, migration and access to cash and labor within the farm (Cobo et 
al., 2010). Furthermore, long-term dynamic processes e.g. soil fertility change should be 
evaluated over a longer period of time (Scoones and Toulmin, 1998). Resulting from these 
issues, the chronosequence approach was installed to assess the temporal effects of soil 
fertility change. 
 
5.1.2 Chronosequence 
Since it is difficult to follow and validate soil fertility changes over time using the soil nutrient 
balance approach (Hartemink, 2006), the chronosequence approach was implemented in 
Yantzaza. Chronosequence studies require the fulfillment of several prerequisites in order to 
produce a reasonable outcome (Walker et al., 2010). To exclude spatial variation between 
different sites as far as possible, these prerequisites were verified strictly which is explained in 
detail in section 4.2. 
Advantages of this approach include the assessment of soil nutrient stock dynamics over a 
large period of time (>35 years for pastures in the present research). The approach allowed 
sampling of different aged sites on one occasion and area instead of letting several years pass 
by for resampling (Galdos et al., 2009). Additionally, the classification into different age 
groups facilitated the assessment of the time when changes occurred and whether they took 
place continually or abruptly. This knowledge also unraveled the search for the cause of these 
changes. Additionally, results of the chronosequence were compared to modeled soil nutrient 
balances (section 4.2). Hence, they may serve as validation and calibration for modeled soil 
nutrient balances. 
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Disadvantages of the chronosequence approach comprise whether the site history, gathered 
by farm surveys, was correct, which cannot be verified with absolute certainty (Veldkamp et 
al., 1999). However, information from surveys was checked during farm walks and locations 
were excluded from the present research if discrepancies were detected meanwhile. Despite 
high investments into time and samples, it is difficult to transfer results into other research 
areas unless their natural conditions and management are highly comparable to the Yantzaza 
area. 
 
5.1.3 Laboratory incubation 
Effects of different fertilizers on nitrogen and carbon cycling were investigated on soils with 
different slope positions. The aim of the study was to solely assess treatment effects on soils 
and therefore, this research was conducted using a laboratory incubation experiment. Hence, 
disruptive effects could be minimized due to the strict control of the conditions and 
differences in results could be reduced to fertilization effects. The results from lab 
experiments indicated processes and the direction of changes caused by particular 
treatments. Thus, they gave first insights into potential effects in the field and could therefore 
trigger in situ tests. Yet, field experiments with the same experimental design were currently 
not feasible in tropical southern Ecuador due to the complex analytical requirements and 
should be considered in future studies. Nonetheless, laboratory incubation experiments also 
have disadvantages due to their limited transferability to the field conditions since plants, 
temperature and moisture fluctuation were absent during incubation (Sumner, 2000). 
Despite the limitations of the study listed in section 5.1, the study nevertheless provides 
detailed insight into the quantitative assessment of soil fertility and sustainability and shows 
pragmatic approaches for the adaptation of farm management. 
 
5.2 Impact of nutrient management on soil fertility 
Nutrient management in the research area was diverse between the three land-use systems 
and within each land-use system. Main aspects of nutrient management comprised: 
 market sale or self consumption of harvested products 
 quality and quantity of different external fertilizers 
 use of crop rotation 
 focus on crop or livestock production, and 
 integration of harvest residues. 
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The present study confirmed that decisions on nutrient management had a large impact on 
soil fertility in the research area. Nevertheless, results revealed the difficulty of drawing 
general conclusions for the research area and even for each land-use system. This is due to 
the fact that the impact on soil fertility highly varied depending on individual land-uses and 
nutrients within each land-use system (Bahr et al., accepted). This was also confirmed by 
Bhandari et al. (2002) and Cobo et al. (2009) who found that various effects on soil fertility can 
be attributed to nutrient management depending on its kind and intensity. 
 
5.2.1 External inputs into the farming system 
A quantitative gradient for external fertilizer inputs was found in the order of El Tambo > San 
Lucas > Yantzaza (Bahr et al., accepted). In El Tambo annual crops had the highest external N 
fertilizer inputs of 247 kg ha-1 a-1 of all land-uses in the research area which was consistent 
with tropical cash crops such as cocoa in West Africa (Hartemink, 2005) and tea/coffee in 
Kenya (Tittonell et al., 2005). The amount of external inputs was mainly based on the 
management aim for harvested products in each research area (cash crop production in El 
Tambo > mixed system of market sale and self consumption in San Lucas > self consumption in 
Yantzaza). The vast majority of harvested products (85%) in annual crops of El Tambo, largely 
composed of cash crops, were for market sale (Table 7). Since farms in El Tambo did not have 
access to off-farm income (Table 1), the greatest proportion of the family income was 
generated by cash crops as was also the case in cash crop producing land-use systems of 
smallholder farms in Kenya (Tittonell et al., 2010). A connection of the market-to-income 
pattern to the soil nutrient balance was found since the explained variability of inputs and 
outputs due to financial farm flows also decreased in the order of El Tambo > San Lucas > 
Yantzaza (Bahr et al., accepted). Furthermore, the quality of external inputs was contrasting 
between el Tambo and San Lucas. While El Tambo was dominated by synthetic urea and 
frequent application of pesticides, in the indigenous San Lucas fertilization with organic 
materials (imported compost) combined with expenses for hired labor (pasture maintenance 
and manual weeding) prevailed. This was also found for indigenous land-use systems in 
Guatemala (Wittman and Johnson, 2008) and Cameroon (Kanmegne et al., 2006). Traditional 
land-use is still common in indigenous agriculture of the Andes where farming is mainly based 
on long-time experience. Management practices comprise terracing, conservation tillage and 
fertilization (Sandor and Furbee, 1996) as were also found in the present research area. In 
addition to crop production, large external nutrient inputs were also detected into animal 
production units (SPUs) of San Lucas. This was mainly due to small pasture sizes (2.5 vs. 25.4 
ha in San Lucas and Yantzaza) and, as a result, high livestock densities (4.1 vs. 1.6 tropical 
livestock units ha-1 in San Lucas and Yantzaza). High livestock densities in addition to crop 
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production for market sale/subsistence induced pressure on farmers regarding the allocation 
of sufficient feed supply. Hence, the addition of external feeds was necessary as was common 
in mixed crop-livestock systems of the tropics (Valbuena et al., 2012). 
 
5.2.2 Within-farm flows 
Analyzing within-farm flows disclosed the management patterns of the respective research 
areas. It was generally found that farm flows were directed to that farm area where the 
production was focused on. While hardly any within-farm flows occurred in the low-input-
system of Yantzaza and farm flows in the cash crop system of El Tambo were dominated by 
external flows, diverse within-farm flows were found in the mixed farming system of San 
Lucas (Bahr et al., accepted). 
Flows from pastures into SPUs and vice versa were of great importance in all research areas, 
yet, they had the most negative impact on the nutrient balance for pastures in San Lucas. This 
was also found in smallholder farms of Ethiopia where livestock density depended on 
available pasture size (Kamara et al., 2001). Since additional feed was needed for pastures in 
San Lucas apart from external inputs, harvest residues from annual and perennial crops were 
transferred to SPUs (Bahr et al., accepted). Yet, perennial crops of San Lucas were the only 
crop unit in all research areas which had a large surplus of nutrients they obtained from SPUs. 
This could be explained by the important source of farm income of orchard cash crops 
(perennial crops) for San Lucas which also received vast quantities of compost from RUs. This 
is common for tropical smallholder farming systems where resources are pooled in farm 
sections contributing most to the farm income (Tittonell et al., 2005). RUs were only a major 
component of within-farm nutrient redistribution in San Lucas where perennial and annual 
crops as well as pastures received recycled nutrients (Bahr et al., accepted). Especially for 
annuals in San Lucas this amount almost compensated nutrients extracted for self-
consumption and therefore, illustrates the integrated nutrient management of the indigenous 
farmers. 
 
5.2.3 Soil nutrient balances and yearly soil nutrient stock change 
Soil nutrient balances varied widely between different research areas and within different 
land-uses of the same research area (Bahr et al., accepted). N balances of the low-external-
input system in Yantzaza were highly negative which was in conformity with N stocks at the 
sub-national scale in the Amazon of Ecuador (de Koning et al., 1997). In El Tambo and San 
Lucas, the cash crop dominated land-uses of annual and perennial crops, respectively, had 
highly positive N balances. In El Tambo this was caused by excessive urea fertilization inducing 
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negative P and K balances. In contrast, external organic fertilizers and the large surplus of 
nutrients received from SPUs did not only result in a positive balance for N but also for P. 
Hence, the large influence of the soil nutrient management was reflected in the soil nutrient 
balances. The same relation was found for diverse smallholder soil fertility management in 
Andean grazing/crop systems (Vanek and Drinkwater, 2013) and in the Ethiopian Highlands 
(Haileslassie et al., 2006), respectively. 
Highest impact on soil nutrient stock change per year was attributed to soil N balances 
inducing a yearly change of up to 5% (Bahr et al., accepted). Highest yearly N losses were 
found in annuals of Yantzaza which amounted to -4.9% of the N stock. Most yearly NPK stock 
changes were below 1% despite frequently found negative soil nutrient balances. This was 
ascribed to large soil nutrient stocks buffering the effect of negative soil nutrient balances. 
This was also found in African farming systems inducing the conclusion that short-term 
nutrient mining is acceptable in areas with large soil nutrient stocks (Vanlauwe and Giller, 
2006). 
 
5.2.4 Short and long-term nutrient stock dynamics 
The chronosequence approach in Yantzaza enabled the assessment of short and long-term 
nutrient stock dynamics in annual and perennial crops as well as pastures (Bahr et al., 2014). 
In annual sites released nutrients were at least partly kept in the soil directly after slash-and-
burn indicated by an increase in exchangeable Ca and BS which was common in soils of the 
Amazon (Comte et al., 2012). A different pattern was found for perennial and pasture sites 
where exchangeable bases, base saturation and soil pH remained unchanged directly after 
slash-and-burn. This was associated to no incorporation of the ashes into the soil and 
subsequent erosion and run-off since only annual sites were plowed. 
Sites used for the production of annual crops were usually abandoned not longer than five 
years after forest conversion (Bahr et al., 2014). TN stocks decreased significantly due to the 
missing organic layer, and SOC stocks decreased by 19%, yet other total soil nutrient stocks 
remained on the forest level. Nevertheless, a nutrient limitation was indicated by very low 
stocks of inorganic N and NH4-F extractable P closely connected to the SOC stock decline. The 
decrease in organic inputs after land-use conversion was responsible for the reduction in SOM 
and cycled nutrients which induced a decrease in productivity in slash-and-burn affected sites 
(Palm et al., 1996). Additionally, neither were organic soil amendments, which improve soil 
fertility in low-external-input systems (Liebman and Davis, 2000), nor were mineral fertilizers 
applied in annual sites of Yantzaza. Harvest residues were either burned (manioc) or the 
whole plant was removed from the field for fodder purposes (maize). Summing up the above 
mentioned factors of management in annual crops, illustrates a scenario where rapidly 
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available nutrients are lacking causing low production which induces the abandonment of the 
sites not later than five years after forest conversion. 
Most noticeable changes in the soil nutrient dynamics occurred 5-20 years after forest 
conversion in perennial crops and pastures (Bahr et al., 2014). In particular, soil nutrient 
stocks for TN, TP, TS and exchangeable bases increased above forest level. This elucidated the 
long-term potential for agricultural use in perennial crops and pastures as opposed to annual 
crops in the research area within the present management system. This might be supported 
by a long-term contribution of nutrients by atmospheric deposition which proved to be 
substantial in the research area (Wilcke et al., 2008). Moreover, deep capture of nutrients in 
perennial crops (Kanmegne et al., 2006) and the dense root layer of the pasture grass could 
be responsible for SOC and soil nutrient stock increases at medium age. Furthermore, nutrient 
removals by harvested products were far below those of the annual crops in the research area 
(Bahr et al., 2014). Hence, within the present management system perennial crops and 
pastures seem to be favorable for long-term use. 
Despite recuperation of SOC and soil nutrient stocks at medium age in perennial crops and 
pastures, these stocks decreased sharply in perennial crops >20 years and pastures >30 years. 
Several factors were discussed which could be responsible for the striking decrease. On the 
one hand the strong decrease in Ca stocks could have destabilized clay-humus-complexes and 
therefore, accelerated SOC decomposition as was found in pastures soils of Costa Rica 
(Veldkamp, 1994). A strong decrease in exchangeable bases of almost 50% in oldest perennial 
sites pointed to accelerated SOC decomposition inducing leaching or plant uptake of nutrients 
previously charged to the surface of the organic components. Another reason could be an 
initial use of the oldest perennial and pasture sites for the production of annual crops when 
settlement started in the research area. A land-use history differing from the farm survey 
should be taken into consideration since oldest sites in the present research area were 
converted more than one generation ago. Furthermore, pastures in the research area are 
managed poorly. This can be traced back to the origin of the farmers from the southern dry 
forest where environmental conditions differed substantially from those of the humid area in 
Yantzaza. However, the evaluation of the pasture management revealed that local farmers 
manage them based on experience; nonetheless, knowledge capacity building programs in the 
research area do not exist. As a consequence, poor pasture management leads to decreased 
aboveground biomass production with subsequent SOC losses and lower productivity as was 
shown in several studies in the tropical Amazon (deMoraes et al., 1996; Fearnside and 
Barbosa, 1998; Kauffman et al., 1998). 
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5.3 Sustainability of agroecological management 
Soil nutrient balances did not show a consistent trend within one entire research area. 
Therefore, the sustainability assessment took place based on individual land-uses and 
nutrients within each research area (Bahr et al., accepted). Cobo et al. (2010) unambiguously 
stated that sustainability should never be assessed only evaluating soil nutrient balances but 
ought to be connected to soil nutrient stocks. Yearly soil nutrient stock changes only showed 
greater variation for N whereas they were mostly below 1% for P and K. Total soil nutrient 
stocks in the research area were similar or above average when compared to areas with 
equivalent characteristics (Manlay et al., 2004; Haileslassie et al., 2006; Cerri et al., 2007).For 
African agricultural systems it was concluded that nutrient mining in the short-term can be 
tolerated if soil nutrient stocks are large (Vanlauwe and Giller, 2006).Thus, slightly negative 
soil nutrient balances were regarded to not pose a threat to soil fertility in the present 
research as was also found by Bindraban et al. (2000). For N a threshold value of 1% was 
proposed for the yearly TN stock change to be regarded not sustainable (Hilhorst et al., 2000). 
For SOC Sanchez et al. (2003) proposed a threshold value of 80% topsoil SOC compared to 
nearby undisturbed sites to preserve most productive functions of a soil in their fertility 
capability assessment of tropical soils. 
 
Table 3: Values for sustainability indicators (N balance, TN stock change and different stocks) 
for problem areas in relation with values for local reference areas (forest in Yantzaza and 
perennial crops in San Lucas). 
Area Land-use 
[reference / 
problem area] 
N balance 
 
 
TN stock 
change a
-1 
 
SOC stock 
 
 
TN stock 
 
 
PO4-P stock 
 
 
  [kg ha
-1
 a
-1
] [%] [Mg ha
-1
] [Mg ha
-1
] [kg ha
-1
] 
Yantzaza Forest  -18 (3) -0.4 (0.1) 53.5 (6.2) 4.5 (0.5) 14.2 (7.9) 
Annual cops -151 (26) -4.9 (1.8) 45.6 (6.2) 3.5 (0.6) 18.8 (13.6) 
Perennial crops -81 (18) -1.9 (0.5) 51.4 (5.5) 4.3 (0.4) 14.6 (6.1) 
San Lucas Perennial crops 59 (71) 1.4 (1.6) 88.5 (17.4) 6.6 (1.0) 36.7 (10.4) 
Pasture -43 (34) -1.1 (0.7) 78.7 (15.3) 6.2 (1.0) 34.3 (6.6) 
 
All land-uses within the three research areas negatively exceeding the 1% limit of the 
threshold value for the yearly TN stock change are listed in Table 3. Annual crops in Yantzaza 
had the most negative TN stock change per year of almost -5% as well as TN and SOC stocks 
between 15-25% below those of the forest reference area (Table 3) whereas available P stocks 
were in the same order of magnitude albeit at a very low level. This is consolidated by results 
of a chronosequence (Bahr et al., 2014) which is highly suitable for soil fertility and 
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sustainability assessment in the long-term (Walker et al., 2010). It was shown that annual sites 
in the research area were abandoned after five years due to soil fertility decline. Indirect 
indicators show that the low-external-input and the harvest residue management in the 
annuals of Yantzaza did not enable the replenishment of soil nutrients. Furthermore, organic 
and mineral fertilization did not take place and harvest residues were either burned or used 
for fodder purposes which intensified the threat of soil fertility decline. Hence, the level of soil 
quality in terms of biomass production is very low which was caused by a loss in its functional 
capacity after soil fertility decline. Therefore, the present agroecological management of 
annuals in Yantzaza is not sustainable. 
For perennials of Yantzaza and pastures of San Lucas sustainability indicators apart from 
yearly N stock change did not show substantial differences between reference areas. 
Therefore, a non-sustainable agroecological management was not diagnosed and we suggest 
a threshold value of 3% for the yearly TN loss in the research area to indicate substantially 
adverse effects on soil fertility. Yet, this value cannot be employed without thorough 
consideration of the soil nutrient status in other research areas. 
 
5.3.1 Present fertilization management in Catamayo induces decrease in SOM 
Nutrient balance studies revealed an average N-fertilizer application of 247 kg ha-1 a-1 for 
annual crops in El Tambo with a maximum value of up to 400 kg ha-1 a-1 (Bahr et al., accepted). 
Therefore a laboratory incubation experiment was executed to investigate fertilization effects 
of urea and newly introduced guinea pig manure on the microbial activity in colluvial foot 
slopes and eroded upper slopes (Bahr et al., 2013 and section 3.6.1). 
Urea fertilization substantially decreased the SMB and induced the acceleration of SOC and 
soil N mineralization in the laboratory (Bahr et al., 2013). In contrast, the combined 
fertilization increased the SMB and additionally immobilized fertilized N enabling a sustained 
release throughout the growing season. A long-term increase in SOC stocks was indicated by 
increased MBC/SOC ratios which serve as a sensitive indicator for the change in SOM 
management as was shown in field trials of soils in New Zealand (Sparling, 1992). 
SOM stocks in colluvial soils were 40% below those in eroded soils which was contrary to the 
common view where water erosion leads to an accumulation of SOM in depositional sites at 
the expense of SOM in eroded upper slopes (Lal, 2003). Urea fertilization caused an 
intensified mineralization of soil N as was indicated with 15N labeled urea (i.e. positive priming 
effect – see section 4.3 for further explanations) and SOC. Despite a soil fertility which should 
initially have been higher in colluvial soils, the more intensive use compared to upper slope 
soils entailed decling SOM stocks and eventually induced lower soil fertility which might in the 
 
 
57 
 
medium-term lead to soil degradation. The positive priming effect released 23 kg ha-1 of soil 
NO3-N 28 days after fertilization with 200 kg urea ha
-1. Within the present C/N ratio of 11.6 in 
colluvial soils this would amount to SOM losses of 460 kg ha-1 after each fertilization 
representing 3% of the total SOM stocks (section 4.4). 
These results indicate a threat to sustainable agroecological management within the present 
fertilization system due to continuously decreasing SOM. This may impede several soil 
functions such as water holding capacity, cation exchange capacity or aggregate stability 
among others (Doran and Zeiss, 2000) and therefore reduce the soil quality sustainably. Long-
term soil fertility investment of better endowed farms increased SOM and nutrient resources 
in soils of East African smallholder farming systems compared to rather poor farmers 
(Tittonell et al., 2010). In the present study, resource limitation is the crucial point, since 
farmers in the research area do have limited financial and land resources. Hence, as a locally 
adapted best-fit technology, a reduced monetary investment into fertilizers and a partly 
replacement with small farm animal manure (e.g. guinea pig manure) is recommended. Beside 
positive effects on soil fertility, this could provide new financial resources for soil fertility 
investment and supply families with meat. Such results can be promoted successfully by 
governmental programs as was shown in a study nearby (Knoke et al, accepted). However, 
knowledge transfer and capacity building on the basis of participatory approaches are 
necessary in order to give local farmers an understanding of changed management strategies 
and their implications as well as to integrate farmers’ indigenous knowledge (Oenema et al., 
2006). 
 
5.4 First steps to maintain and/or restore soil fertility 
In a second step, the so called Nutmon development stage, new practices and technologies 
with regard to soil conservation were developed and implemented. The specific aim was the 
adaptation of the farm management to establish a sustainable agroecological management. In 
two out of the three research areas, Yantzaza and El Tambo, fertilization and harvest residue 
management caused problems with regard to sustainable agroecological management 
(section 4.1-4.4). 
 
5.4.1 Appropriate fertilization and nutrient recycling in Yantzaza 
In Yantzaza low-external-input management prevails with the consequence that hardly any 
external mineral and organic fertilizers were applied. Nutrient replenishment in sustainable 
low-external-input systems is usually assured by organic amendments from recycled 
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nutrients, e.g. compost (Liebman and Davis, 2000). However, this was not the case in Yantzaza 
where nutrient recycling was not practiced (Bahr et al., accepted). Manure often remained in 
the pastures due to lacking stables for cattle and poultry or was applied directly to the field in 
case of pig manure but compost heaps did not exist. Furthermore, harvest residues were 
generally burned due to pest and weed control or the whole plant was harvested for fodder 
purposes. Fallow periods for the annual crops were not existent even though they are 
commonly known to replenish SOM pools in slash-and-burn systems (Palm et al., 2001b). 
Hence, neither was nutrient replenishment assured by an appropriate fertilization nor by 
nutrient recycling or fallow periods causing the abandonment of annual crops in Yantzaza not 
later than five years after forest conversion. Land-use distribution indicated that only 1% of 
agricultural land in Yantzaza is used for annual crop production (Bahr et al., accepted and Fig. 
3). Nevertheless, a steady abandonment of annual crops after five years will induce 
continuous slash-and-burn causing the deforestation of large areas of natural forest and is 
therefore one major threat for biodiversity and ecosystem functioning. Since Ecuador already 
has the highest annual deforestation rate in South America (FAO, 2011), it is highly suggested 
to introduce an integrated nutrient management for Yantzaza as is already practiced 
successfully in the indigenous land-use system of San Lucas. Additionally, a nearby study 
showed that farm-level diversification can reduce deforestation and at the same time increase 
farmers’ profits by returning the unproductive wasteland into productive agricultural land 
(Knoke et al. 2009). Furthermore, the system for land-use conversion by slash-and-burn 
should be modified since large amounts of SOC and TN were lost after burning (Bahr et al., 
2014). Denich et al. (2005) who modified agricultural management by excluding detrimental 
elements of the slash-and-burn system, e.g. fire-free clearing or mulch technology, 
demonstrated practical solutions for this issue. 
 
5.4.2 Harvest residue management and organic matter maintenance in El Tambo 
In El Tambo the current fertilization system induced large SOM stock decreases due to 
additional mineralization of SOM (priming effect). Studies in the semi-arid tropics reported no 
change (Banger et al. 2009; Hai et al. 2010) or an increase in SOM (Alemu and Bayu 2005; 
Kukal et al. 2009) after treatment with synthetic fertilizers. In these studies, harvest residue 
management consisted of either the retention of crop residues on the field or at least the 
remaining of the belowground biomass. In contrast, in the research area either the removal of 
the entire maize plant for market sale or burning of the entire plant residues (tomato, 
cucumber and pepper) due to fear of pest or pathogen build-up were the common 
procedures. Therefore, SOM replenishment using harvest residues was hardly performed by 
local farmers in the study area. Results showed that an adequate replacement of SOM 
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mineralization losses by crop residues was rather difficult within the current cash crop system, 
since pepper, tomato and cucumber did not provide sufficient potential and hence, should be 
supported by additional organic inputs (section 4.4). On the contrary, leaving 63% of the 
maize residue biomass on the field would be sufficient for a balanced SOM budget in colluvial 
soils. Organic amendment with GPM increased the MBC/SOC ratio (Bahr et al., 2013) which is 
indicative for the velocity or rate of nutrient turnover and was in the same order of magnitude 
as reported in other studies (Anderson and Domsch, 1989; Jacinthe et al., 2011). Since MBC is 
a sensitive indicator with regard to residue management change (Sparling, 1992; Galdos et al., 
2009), it can be expected that SOM stocks would also increase after continuous amendment 
of organic inputs e.g. manure or harvest residues. 
 
5.5 Conclusion and Outlook 
The study provides a detailed structure of how to adjust the Nutmon tool to the local 
Ecuadorian conditions. This resulted in an area and land-use specific calculation of the soil 
nutrient balances and flows after adaptation of the transfer functions for Nutmon’s difficult to 
quantify flows. Soil fertility assessment was substantially improved due to the adaptation of 
the model as close as possible to the natural conditions. This was in particular accomplished 
by the implementation of GIS based modeling of sedimentation and soil loss from erosion. 
It was shown that soil nutrient balance studies can serve as a powerful indicator for 
sustainability assessment of agroecological management and soil fertility. Financial farm flows 
and soil fertility variables emerged as a valuable tool for the explanation of the variability in 
inputs and outputs for the soil nutrient balance. Main threats for a sustainable agroecological 
management were the inappropriate use of fertilizers and lacking harvest residue 
management. Therefore, an integrated nutrient management is recommended for all 
research areas to support and increase SOM which is essential for soil fertility maintenance. A 
large impact of negative N balances was only found for annual crops in Yantzaza where soil 
fertility depletion was detected due to yearly TN stock losses of almost 5% indicating a non-
sustainable agroecological management. However, results pointed out that most areas have 
negative soil nutrient balances and thus, are exposed to soil nutrient losses. In the long-term 
this might pose a problem with regard to soil fertility as was illustrated in oldest pastures and 
perennials of Yantzaza with the chronosequence approach. Therefore, we suggest long-term 
monitoring of soil fertility changes in all research areas and capacity building of the local 
farmers by governmental and university experts in agriculture. 
First steps to maintain and/or restore soil fertility were carried out in locations declared as 
problem areas after the diagnostic phase of Nutmon. Due to excessive urea use in annual 
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crops of El Tambo, a laboratory incubation experiment was conducted to investigate effects of 
urea and newly introduced guinea pig manure on microbial activity of colluvial foot slope and 
eroded upper slope soils. Solely applying urea induced a decrease in SMB and an acceleration 
of SOC and soil N mineralization. This effect proved to be partly responsible for reduced SOM 
stocks in the intensively managed colluvial soils of El Tambo. In contrast, in the combined 
fertilization the SMB increased as well as the MBC/SOC ratio indicating a long-term increase in 
SOM after guinea pig manure treatment. Management in El Tambo should be adapted 
towards the remaining of harvest residues in the field to prevent further SOM decline. Yet, 
external organic fertilizers should be added since harvest residues proved to be insufficient for 
SOM replenishment except for maize. 
Although this research provided substantial quantitative and qualitative information, various 
important factors could not be regarded in detail and therefore, may be of importance for 
future research as listed in the following: 
Measurement of difficult to quantify flows for Nutmon 
Nutmon’s difficult to quantify flows, in particular erosion and leaching, should be measured in 
field trials to validate the applied transfer functions. This would give important insight into the 
uncertainties of modeled data and allow better justification of adapted management 
strategies. 
Multi-year data recording for soil nutrient balance calculation 
The research proved that soil nutrient balances for a single year react very sensitive to 
deviations from the average climate within the recorded year. Therefore, multi-year 
approaches would enable the mitigation of this effect; yet, they are more cost intensive. 
Field experiments to define the exact fertilizer needs and the mineralization effects of different 
fertilizers and/or rates on SOM for each research area  
Field trials should be carried out to determine the amount of fertilizers for optimal crop 
growth. Special focus should be on adequate fertilizer efficiency in view of farmer’s limited 
economic resources. Furthermore, the field trials should include the assessment of different 
fertilizer application rates on SOM mineralization to validate results of the laboratory 
incubation experiment from the present research. 
Farmer perceptions on new management strategies 
Modified techniques will only be adopted by the farmers if they understand the impact of 
their management practices on agricultural and resource sustainability. Thus in the future, the 
scientific results should be transferred to the local farmers by knowledge capacity building 
 
 
61 
 
programs in such a manner that they provide easily interpretable information as was started 
with workshops in the present study. 
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